Mood and anxiety disorders, and rodent phenotypic measures modeling these disorders, have a strong genetic component. Various assays are used to study the neurobiological basis of fear-related and anxiety-related behaviors, phenotype genetically modified mice, and elucidate pharmacological modulation of these behaviors for medication development. Earlier work, however, suggests that different trait measures are mediated by partly overlapping but ultimately distinct genetic factors. In this study, we assessed a novel panel of 23 C57BL/6J ¾ DBA/2J (BXD) recombinant inbred strains on various trait measures of Pavlovian fear conditioning and anxiety-like behavior (novel open field, elevated plus-maze), as well as sensory (acoustic startle, prepulse inhibition of startle) and motor (baseline coordination and learning on accelerating rotarod) function. Results showed that traits were continuously distributed across strains and had modest to strong R 2 values. Principal components analysis resolved the data into five factors: factor 1 loaded fear-related traits, factor 2 loaded elevated plus-maze measures as well as context fear, factor 3 loaded novel open field measures and plus-maze closed arm entries, factor 4 loaded rotarod motor function, and factor 5 loaded acoustic startle and prepulse inhibition. These data add to evidence that murine measures of fear-like and anxiety-like traits reflect distinct constructs mediated by dissociable gene variants.
Genetic relationship between anxiety-related and fear-related behaviors in BXD recombinant inbred mice Jonathan L. Brigman a , Poonam Mathur a , Lu Lu b , Robert W. Williams b and Andrew Holmes a Mood and anxiety disorders, and rodent phenotypic measures modeling these disorders, have a strong genetic component. Various assays are used to study the neurobiological basis of fear-related and anxiety-related behaviors, phenotype genetically modified mice, and elucidate pharmacological modulation of these behaviors for medication development. Earlier work, however, suggests that different trait measures are mediated by partly overlapping but ultimately distinct genetic factors. In this study, we assessed a novel panel of 23 C57BL/6J ¾ DBA/2J (BXD) recombinant inbred strains on various trait measures of Pavlovian fear conditioning and anxiety-like behavior (novel open field, elevated plus-maze), as well as sensory (acoustic startle, prepulse inhibition of startle) and motor (baseline coordination and learning on accelerating rotarod) function. Results showed that traits were continuously distributed across strains and had modest to strong R 2 values. Principal components analysis resolved the data into five factors: factor 1 loaded fear-related traits, factor 2 loaded elevated plus-maze measures as well as context fear, factor 3 loaded novel open field measures and plus-maze closed arm entries, factor 4 loaded rotarod motor function, and factor 5 loaded acoustic startle and prepulse inhibition. These data add to evidence that murine measures of fear-like and anxiety-like traits reflect distinct constructs mediated by dissociable gene variants. 
Introduction
Individual differences in risk for mood and anxiety disorders likely stem from multiple predisposing factors, including genetic variants that shape the developmental formation and/or adult functional integrity of the neural circuitry subserving emotion (Caspi and Moffitt, 2006; Hariri and Holmes, 2006; Uher and McGuffin, 2008) . In preclinical models of these disorders, inbred mouse strains exhibit marked differences in anxiety-related and fear-related phenotypes. Of note, the C57BL/6J strain typically shows lesser anxiety-related and stress-related behaviors but greater conditioned fear behavior relative to certain other strains including BALB/cJ and in some cases DBA/2J (reviewed in Belzung and Griebel, 2001; Tannenbaum and Anisman, 2003; Jacobson and Cryan, 2007) .
Over the last 30 years, the C57BL/6J and DBA/2J strains have been intercrossed to produce a large and still growing panel of recombinant inbred (BXD RI) strains (Taylor, 1978; Peirce et al., 2004) . These strains have proved to be a valuable experimental tool to study the genetic underpinnings of mouse anxiety-related and fear-related behaviors. For example, BXD RI strain panels have identified candidate chromosomal loci associated with variation in fear-related traits (Caldarone et al., 1997; Owen et al., 1997a; Wehner et al., 1997; Radcliffe et al., 2000) . BXD RI strains also offer an approach in estimating the relative genetic contribution to specific traits, as well as the genetic interrelatedness of traits. This latter issue is of particular relevance to the issue of whether different trait measures of rodent anxietyrelated and fear-related behaviors are driven by common or distinct mechanisms (Trullas and Skolnick, 1993; File, 1995; Turri et al., 2001; Fernandez-Teruel et al., 2002; Talbot et al., 2003; Cryan and Holmes, 2005; Ponder et al., 2007a, b; Milner and Crabbe, 2008) . Demonstrating that the different assays recruit different underlying mechanisms would be a step toward better linking individual preclinical assays to discrete forms of pathophysiology found in specific mood and anxiety disorders. To address this issue in this study, we assessed a panel of 23 (mostly recently generated) BXD RI strains on a battery of commonly used anxiety-related and fear-related behaviors and performed principal components analysis (PCA) to identify correlations between the various trait measures obtained. Tests were conducted using the same methods described earlier in our laboratory and will not be reiterated here: novel open field (Weidholz et al., 2008) , elevated plus-maze (Hefner and Holmes, 2007) , Pavlovian fear conditioning (Yang et al., 2008) , acoustic startle and prepulse inhibition , and accelerating rotarod (Boyce-Rustay and .
Data analysis
To simplify the PCA, we focused on 11 major trait measures. The effect of strain on these 11 traits was assessed using analysis of variance (ANOVA) (statistical significance set at P < 0.05). ANOVA results were used to calculate R 2 ( = ss strain /ss total ), which is the proportion of the total variance in each trait because of strain, and provides a simple estimate of broad sense heritability. Relationships among traits were examined via PCA (varimax rotation). Factor selection was based on examination of the scree plot and a criterion of eigenvalues greater than 1. The factor structure was solved with an orthogonal rotation (Holmes and Rodgers, 1998; using the Statistica software program (Tulsa, Oklahoma, USA).
Results
A significant effect of strain on total distance traveled was observed [F(25,96) = 2.24, P < 0.01, R 2 = 37; Fig. 1a Fig. 1d ] of the elevated plus-maze was also observed.
For Pavlovian fear conditioning, baseline freezing before conditioning was negligible (maximum < 2%) and ANOVA found no effect of strain (data not shown). In contrast, freezing to the final tone during conditioning was significantly affected by strain [F(24,90) = 2.85, P < 0.01, R 2 = 34; Fig. 1e ], as was freezing to the conditioned cue [F(24,91) = 4.48, P < 0.01, R 2 = 55; Fig. 1f ] and freezing to the conditioned context [F(24,91) = 5.05, P < 0.01, R 2 = 57; Fig. 1g ].
A significant effect of strain on the acoustic startle response was observed [F(24,92) = 5.05, P < 0.01, R 2 = 41; Fig. 1h ], and prepulse inhibition of startle [F(24,92) = 1.82, P < 0.05, R 2 = 32; Fig. 1i ]. In contrast, there was no significant effect of strain for latency to fall on trial 1 of the accelerating rotarod (R 2 = 22; Fig. 1j ). The d change in latency to fall over 10 training trials was significantly affected by strain [F(25,95) = 1.84, P < 0.05, R 2 = 32; Fig. 1k ]. All these trait data can be viewed and analyzed at www.Genenetwork.org by searching the Mouse BXD Phenotypes database using the keyword 'Brigman' (GN Record ID numbers 11004 through 11015).
PCA yielded a five-factor structure accounting for 68% of the total variance (Table 1) . Factor 1 (20% of the Startle responses to loud acoustic stimulus (h) and prepulse inhibition of the acoustic startle response (i), and baseline (trial 1) latency to fall in the accelerating rotarod (j) and rotarod motor learning (trials 1-10 d) (k). Numbers of subjects tested in each strain were: B6D2F1 n = 5; C57BL/6J n = 3; DBA2J n = 4; BXD8 n = 4; BXD9 n = 4; BXD14 n = 4; BXD32 n = 9; BXD45 n = 4; BXD51 n = 6; BXD55 n = 8; BXD60 n = 5; BXD61 n = 5; BXD66 n = 4; BXD69 n = 4; BXD70 n = 4; BXD75 n = 11; BXD81 n = 4; BXD86 n = 3; BXD87 n = 4; BXD90 n = 4; BXD95 n = 3; BXD96 n = 6; BXD97 n = 3; BXD99 n = 4; and BXD100 n = 4. 
Discussion
This study provides one of the first systematic collections of phenotypes related to measures of anxiety-related and fear-related behaviors in a new panel of advanced recombinant inbred strains of BXD mice (Peirce et al., 2004) . As anticipated, given substantial work on the initial set of 26 BXD strains (Belknap et al., 1992; Crabbe et al., 1994) , there was a statistically significant degree of variability across strains for all traits with the exception of baseline rotarod performance, within the panel of strains tested. The relative contribution of strain, and by proxy genetic factors, to this variance was reflected in R 2 values which ranged from 30, for time in center of open field, to a high as 57 for freezing to conditioned context.
Consistent with earlier studies, DBA/2J tended to show higher anxiety-like behaviors and poorer fear conditioning than C57BL/6J (Radcliffe et al., 2000; Belzung and Griebel, 2001; Tannenbaum and Anisman, 2003; Jacobson and Cryan, 2007) . It was, however, noteworthy that trait variability was often high even in those cases in which the progenitor strains did not represent extreme phenotypes. This observation is entirely in keeping with the fact that the combination of alleles at multiple loci inherited from the progenitors can lead to the enhancement or diminution of a behavior that is not manifestly different between the progenitors themselves (Neumann et al., 1993; Mozhui et al., 2007) . Another important point is that all traits were continuously distributed. This is again consistent with earlier data in other BXD panels and is demonstrative of trait variation that is driven by multiple genes, each of modest effect size. Such polygenic complexity is typical of most mouse 'emotion-related' traits as well as human mood and anxiety disorders (Holmes and Hariri, 2003; Caspi and Moffitt, 2006; Uher and McGuffin, 2008) .
We exploited the large within-subjects dataset to examine relationships among all 11 major phenotypic measures obtained, using PCA. The results of this analysis were revealing. The main conclusion was that measures of anxiety-related and fear-related behaviors were weakly related (i.e. loaded on separate factors), and therefore likely to be driven by different networks of genetic factors. All three measures of fear (freezing cue to during conditioning and recall, and freezing to context) loaded together on one factor. Interestingly, however, the contextual freezing coloading was modest and this trait also loaded (inversely) on a separate factor with plusmaze open time and closed entries. A relatively weak statistical relationship between cued and contextual conditioning is consistent with earlier work indicating that these measures of fear are dissociated at the anatomical, molecular, and genetic levels (Owen et al., 1997b; Talbot et al., 1999; LeDoux, 2000; Mozhui et al., 2007; Yang et al., 2008) . In addition, the coloading of context fear with plus-maze anxiety-like behavior indicates a common genetic influence.
In terms of relationships among trait measures of anxietylike behavior, those obtained from the elevated plus-maze and novel open field were generally poorly correlated. This is not unexpected, as earlier studies have reported poor correlations between measures of anxiety-like behaviors in these and other test assays in rats and mice (Trullas and Skolnick, 1993; File, 1995; but see Milner and Crabbe, 2008) . It is worth noting that plus-maze closed arm entries did coload with open field measures consistent with this being a good measure of exploratory activity (File, 1995; Rodgers et al., 1997; Holmes et al., 2000) . Finally, the present dataset is one of the few to systematically explore the potential relationship between fear-like and anxietylike behaviors with sensory and motor functions (herein assayed via acoustic startle and prepulse inhibition of startle, and rotarod motor coordination and motor learning). The PCA clearly showed that these measures were statistically independent of the fear-related and anxiety-related traits, and are therefore likely to have separate genetic origins at least in our BXD panel (Fernandez-Teruel et al., 2002) .
Putting the present data in the context of earlier work, Ponder et al. (2007a) selectively bred for high and low fear conditioning in a F2 C57BL/6J Â DBA/2J population and found that high fear predicted relatively high anxiety-like behavior on the open field and elevated zero-maze but not light/dark exploration tests. Studies in selected (Roman avoidance) lines of rats also found that elevated plus-maze and open field anxiety-related measures mapped to the same quantitative trait locus as conditioned fear, whereas acoustic startle associated with an independent locus (Fernandez-Teruel et al., 2002) . These data suggest a degree of genetic commonality between fear and anxiety. Using a heterogeneous stock of mice derived from intercrossing multiple strains, Talbot et al. (2003) , however, found that although cued fear, context fear and open field anxiety-like behavior were all associated to the same locus, these traits mapped to different loci within this region. Similarly, using an intercross of the DeFries strains Turri et al. (2001) identified some loci common to multiple anxiety-related measures but others that were trait-specific. Thus, taken together with the present data, these findings support the conclusion that rodent measures of anxiety and fear recruit partially overlapping but ultimately dissociable genetic variants. This has implications for the choice of test assays in mutant phenotyping and drug discovery.
In summary, using a novel panel of BXD RI strains, this study provides further evidence that although murine measures of fear-like and anxiety-like traits have a strong genetic component, the gene variants driving specific traits are to a large degree genetically independent. With further expansion, this dataset could be valuable for future genetic studies aimed at identifying the specific chromosomal regions and, ultimately, the specific sequence variants that contribute to these constructs.
